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The -;cote C' process developed by S.U. ~hontpsen was a ~ l w t e d  for use in 
applying an antireflective coating to the cover plates of solar panels. The 
process uses a f luosi l ic ic  acid solution supersaturated with silica at 
elevated temperature to selectively attack the surface of soda-lime glass 
cover plates and alter  the physical atld chemical cclllrposltion of a thin layer of 
glass, The altered glass Isyet constitutes an antimflective ooating, 
The process produces ooatfngs of excellent optical quality which possess 
outstanding resistance to soiling and staining, The coatings produced are not 
resistant to mechanical abrasion and are attacked to w#ae extent by glass cleansers. 
Control of the filming process was found to be difficult. 
1.0 S W Y  
In 1951 the deta i ls  o f  a simple mihod f o r  producing m t l r e f l e c t l v e  ( A R )  
coat lngs were pub1 ished. rite process, knom as Mag late C, was irttended to be 
used on opt ical  conponents but uas f ~ o n  rep t&cod by vacuum deposition nethods 
and f e l l  In to  dfsuse. 
Ihe increasing level o f  manufacture of  solar rsodules wi th  their tar* glass 
cover plates revived interest i n  the Magicote process as a possibly ef fect ive 
method o f  t reat ing large area coverplates so as t o  increase their +tansmission of 
l i g h t  t o  increase power production and reduce glare. 
The process was evaluated on the basis of :  process control, abrasion 
resistance, chemical resistance, s h i n  and sol l resistance, and the ef fect of 
process variat ions on opt ical  performance. 
Optical eff iciency was found t o  be par t icu lar ly  good, with peak transmission 
of 99.8% achieved i n  the v i s ib le  spectrum on low-iron glass. Soil and sta in 
resistance were also excellent, being essential i y  the sane as for unfilmed 
glass. 
Resistance t o  chemical attack by comnon glass cleansers was fa i r .  I t  was 
also found that  filmed glass was easi ly damged by abrasion, with the highly 
transmissive f i lms being more readily darnaged than those o f  lower optical 
qual i ty produced by the sane method. 
Production of ant i re f lect ive f i l m  Is accunplished by immersion of soda-lime 
glass sheets i n  an inhei-ently unstable l iqu id  f l u o s i l i c i c  acid solution a t  
elevated temperature. Only a t  certain compositions of the acid solution i s  
f i l m  produced, and extended use of the acid solution en ta i l s  frequent frial-anC- 
error adjustment of chemicaf composition t o  maintai'i a working 2rocers. 
D i f f i c u l t  process control and low abrasion resistance lead to  t h e  
conclusion that the process i s  not acceptable for  present use on cover panels 
of photovoltaic solar modules. 
2.0 tNTwoa#=flW 
The use of glass o r  p las t ic  cover materials for photwOltaic modules i s  a 
necessity imposed by the need t o  protect underlying photovoltaic ce l l s  from the 
damaging ef fects  o f  weather, atrnosphereic constitutents, and other environmental 
factors. I n  addit ion to the wed for durabi l i ty,  solar Ilrodules are required 
t o  be ef f ic ient ,  so that  the m s t  per u n l t  power produced i s  low enough 
t o  permit t h e i r  widespread application. The use of any ower material reduces the 
ef f ic iency o f  a nrod~le by ref lect ing of the incident l i g h t  array frola the 
module, reducing the amwnt available f o r  absorption by the enclosed solar ceils. 
The toss o f  l i g h t  by re f lec t ion  i s  e consequence of the fact  that  a l l  
so l id  substances which can be used as cwer materials possess ref ract ive Sndices 
higher than that  of  a i r .  From elettmntary opt ica l  theory, It can be shown that  the 
amount o f  l i g h t  reflected by a material-air icterface i s  described by 
where 
R = f ract ion of l i g h t  reflected 
n = refract ive index of a i r  : 1.0 
0 
n = refract ive index of cover material 
C 
For glass and plastic, the hro materials m s t  often ernployed as covers, nc i s  
approximately 1.5. Therefore, about four percent of  $he l i gh t  incident on the 
module i s  lost  by ref lect ion from the front surface of the cover. I f  the bottom glass 
surface interfaces with a i r ,  four percent of  the remaining l i gh t  i s  lost  by 
ref lect ion from the rear surface and the cover -- a combined loss of nearly 
eight percent, even i f  the cover material i s  perfectly clean and transparent. I n  
f l a t  plate modules, re f lect ion of l i g h t  from the rear surface of the cover i s  
reduced (or eliminated) by the use o f  an organic Wkcapsul8nt placed between 
the c e l l s  and the cover glass and i n  contact vlth both. I f the re f ract ive 
index o f  the organic encapur I ant I s  equa I t o  that  o f  the cover, no ref lec t  i ve 
loss i s  suffered. Although t h i s  technique i s  widely applied, re f lec t i ve  
loss fran the front surface o f  the cover s t i l l  results. #weover, the use 
of an inner encapsulant i s  inpractical for sane applications such as 
concentrator collectors, where large enclosed volwnes would require large anwnints 
of  encapsulant, creating problerm o f  excessive weight and opt ical  abswption, and 
complicating the problem o f  heat dissipation. In  both cases, reduction o f  glare from 
the outer surface w i l l  be another consequential feature of  ant i re f lect ive treat- 
ment. 
A technique fo r  use i n  reducing re f lec t ion  from surfaces i s  known and has 
been practiced fo r  some time i n  the opt ical  industry. I f  a t h i n  f i l m  o f  
transparent material i s  placed i n  contact with a surface such as glass, re f lec t ion  
of l i gh t  may be reduced by means of proper choice of f i l m  thickness and 
refract ive index. 
The f i l m  used can, i n  theory, extinguish ref lect ion o f  l i g h t  of any desired 
wavelength. Mctreover, re f lect ion of l i g h t  a t  neighboring wavelengths i s  
strongly attenuated. The following equations define the r e q u i m n t s  of  a f i l m  t h a t  
extinguishes surface reflection. 
where 
n + r ~ f r a c t i v e  index of t M  fltm f 
n - ref ract ive index of the cover m t e r i a l  
C 
df = thickness of the f i l m  
X = wavelength o f  incl6ent l ight.  
Unfwtunately, the ref ract ive index o f  a f i l m  tha t  w i i l  extinguish r e f l e c t i m  on 
soda-lime glass and most p last ics is about 1 . 2 ~ 5 ,  a value tha t  i s  possessed by few 
sol id  substances. Microporous f i lms can ctosely approach (w attain) the optinturn 
value, and some so l id  substances, such as magnesium fluoride, have indexes low 
enough t o  permit substantial re f lec t ion  reduction. 
The physics of re f lect ion reduction by t h i n  f i lms requires extensive 
mathematical development i n  order t o  bet rigorously reviewed and i s  beyond the 
scope of t h i s  report. Detai ls of the theory may be found i n  textbooks on optics. 
A somewhat s impl i f ied presentation w i l l  suf f ice t o  i l l u s t r a t e  the pr inciples 
i nvo l ved . 
For the sake o f  simp l i c  i ty, assume that  a wave of monochromatic I i ght 
of bavelength A impinges on a glass surface coated with a t h i n  f i l m  having 
the properties described i n  equations 2 and 3. The wave approaches 
perpendicular t o  the surfaces and a port ion of it i s  reflected front the 
front surface of the film, undergoing phase reversal i n  the process. The 
remainder of the l i g h t  traverses the f i l m  and a f te r  t ravel ing one-quarter 
wavelength str ikes the film-glass interface. Again a port ion of  the l i g h t  
i s  reflected and undergoes phase reversal. The remaining l i gh t  passes in to  
the glass and i s  transmitted. That part  of  the l i g h t  reflected a t  the film-glass 
interface w i l l  bs of the same intensity as that  reflected a t  the a i r - f i lm  inter-  
face i f the f i l m' s refract ive 1 ndex i s  equal t o  = The wave ref  l ected a t  the 
film-glass interface again traverses the f i l m  and emerges a t  the a i r - f i lm  inter-  
face. Since both reflected waves have undergone phase reversal, the net 
difference between thern i s  now am-half wavelength (having crossed a f i l m  of  
&d thickness twice, one of the vslnr i s  one hal f  wavelength out o f  phase with the 
other). Being o f  q u a  l I ntenslty, the two re f  lected waves interfere d s t r u c t i  vel y 
and cancel each other so that  no l i g h t  I s  reflected. Therefore, no re f lec t ion  
loss occurs and complete transmission of l i g h t  in to  the glass i s  achieved. 
(Although t h i s  type of explanation i s  accepted as accurate, it does lead t o  
the philosophical question "how does the wave reflected a t  the a i r - f i lm  surface 
know that another wave i s  subsequent I y going t o  be r e f  lected a t  the f i lnr-glass 
interface and destructively interfere with i t? " )  Figure 1 i l l us t ra tes  the 
process schematically. 
The production of ant i re f lect ive f i lms I n  the opt ical  industry i s  routinely 
dotie by the evaporation of a material o f  low refract ive index onto opt ical  
surfaces i n  a high vacuum. While t h i s  technique i s  successful, it i s  not well 
suited t o  the coating of large, f l a t  pieces o f  material, such as nodule cover 
sheets. Evaporation techniques character ist ical ly deposit thicker coatings 
of material on areas nearer the evaporator source, so that  the arrangement 
of objects t o  be coated i s  usually i n  the form of a sphere, with every part of 
every object approximately the same distance from the source. !arge planar 
panels cannot be conveniently adapted fo r  use i n  such evaporators. The 
alternative i s  the use of moving evaporator sources which travel  around the 
object t o  be coated, thereby producing an even coating. These moving sources are 
expensive, as i s  a l l  of the equipment associated with evaporation, while the 
necessity of preserving a vacuum during coating operations slows the process and 
further increases cost. For use with low cost solar modules, a d i f ferent  
approach t o  the formation of ant i re f lect ive coatings must be taken. 
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3.0 TECHJICAL DISCUSSION 
3.1 THE K I D  ETCHING ##]GESS 
One way of producing an ant imf iac t lva  f i l m  on glass in  a re la t ive ly  
inexpensive way i s  to avoid depositing the f i l m  a t  a l l ,  jut rather, to transfom 
a layer of  glass a t  the surface to  a forrn such that  t h e  refract ive index and 
thickness o f  the layer are suitable fcr rlre as an ant i re f lect ive agent. This may 
be done by treat ing the glass with r8ager1ts thaf selectively reaove certain 
glass components, such as calcfuat and sodim, while leaving constituents such 
as s i l i con dioxide unaffected. This trsatam~t results i n  a layur a t  the glass 
surface that  consists o f  a "sbletonW of  icteriocking s i  l i ca  molecules, 
which i s  microscopically p o m s  owing t o  the absence o f  the removed calcium 
and sodium iocs. This s i l i c a  layer possesses a lower refract ive index than 
s i l i c a  i n  other form, for instance, quartz, because of i t s  porous structure. 
The degree of porosity, and hence the refract ive index, can be controlled by 
regbiating the v i g w  of attack on t h e  calcium and sodium ions, or by 
formulating the etching reagent so :hat the s i l i c a  i t s e l f  i s  attacked and 
removed t o  some extent, thus increasing porosity beyond what would be possible 
i f  calcium and sodium alone were removed. The thickness of the s i l i c a  layer 
can also be adjusted t o  an optimum value by adjusting the duration of etching. 
The etching process was developed and refined before and during World War 1 1  
i n  an effort- t o  provide a means of meeting requirements fo r  high qual i ty optical 
instruments at a time when the a r t  of vacuum deposition of AR f i lms was i n  the 
early stages of development and was s t i l l  impractical for  large scale use. 
The t i r s i  aoplication of t h i s  technique used hydrofluoric acid vapor as The 
etchant ( 1 ) .  Later, the use of f luosi  l i c i c  acid vapor was reported ( 2 ) .  The 
development of a l iqu id  etch reagent proceeded nore slowly, and after many 
two- or  three-stage processes involving the use of mineral acids were 
disclosed, detai ts o f  methods using f l u o s i l i c i c  acid supersaturated with 
s i l i c a  were published (3,4). After the develojmmt of e f f i c i e n t  evaporation 
techniques t o r  producing AR coatings on opt icai  eorrtponents, the etching 
techniques received no serious consideration from the opt ical  industry and 
the processes appear to have been abandoned. 
Perhaps the most advanced etching technique was devised by S.U. Thompsen. 
The method was detailed i n  a patent (reference 41, already cited, and was la ter  
published, i n  more readable form, i n  the RCA Review (5). Unlike the  resent 
vacuum deposition techniques, Thanpsen's method i s  appl icable to very large 
and/or i rregu l a r  I y shaped surf aces, requires very s imp l e  process equ i pment , and 
i s  inexpensive. 
The process described by Thonrpsen i n  reference 5 was adapted for  use io  ar  
experiments i n  order t o  evaluate the s u i t a b i l i i y  of  AR treated glass fo r  use as s s t ? r  
module covers. 
The etch consists of  1.25 molar f l u o s i l i c i c  acid (ti SiF6? in  aqueous rc lu t i c r . .  2 
i he  solution i s  saturated with s i l i c a  by the addition cf f ine ly  divided 
b i i i ~ d  01- hydrated s i l i ca ,  sometimes referred t o  as " s i l i c i c  acid". An etch 
of t n i s  ccmposition wi!l dissolve the calcium and sodium ions from glass, but w i i i  
dissolve the s i l i c a  as well, forming no AR coating. The dissolution of s i l i c a  can 
oe reduced by supersaturatirlg the f l u o s i l i c i c  acid with s i l i c a  by the addit ion of bor ic  
acid. The degree of sf~persaturation i s  c r i t i c a l ,  a f fect icg the ref ract ive index 
of the AR coating formed, and the speed of attack on glass. Moreover, the 
degree of supersaturation determines whetner o r  not the glass w i l l  f i l m  a t  a l l .  
Different formuiations of soda l ime  glass, and even d i f ferent  lo ts  of the same 
formulation of glass ,  may require d i f ferent  degrees of supersaturation which 
must be controlled t o  a f a , r l y  high degree of accuracy t o  assure that f i lming 
w i l l  occur. The control of the supersaturation i s  made sw#e d i f f f c u l t  because 
the supersatu~*ated solution spontaneous1 y reverts to  saturated f o m  by 
precipi tat ing excess s i l ica,  making readjustnrent o f  the etchant necessary 
by the periodic addition o f  bwic acid. 
The time required t o  produce an AR coating on glass varies w i t h  the 
tentperatwe of  the etch. Although the process w i l l  w r k  with an etch used a t  
room tentperature, f i lming takes hours t o  occur. I n  order t o  shorten precessing 
titcs, Thanpsen recome~ds a temperature of 45O~, and staies that  a t  further 
elevated temperatures, processing proceeds even more quickly. For ttii purpases 
of t h i s  project, etching was conducted primari l y  a t  45O~ for  the production of 
tes t  samples of A!? coated glass for opt ical  and durab i l i t y  tests. Limited 
experiments In  etch i ng a t  5 5 * ~  and 6s0c were done t o  evaluate the poss i bl i t y  
of  high-speed processing, without subjecting the samples produced to durab i l i t v  
tests. 
3 .2  EXPERIMENTAL PROCEWRE 
3.2.1 CHOICE OF GLASS 
Inasmuch of the nature of the glass af fects the resul ts obtained, e f fo r ts  
were made t o  l i m i t  glass variations. For t h i s  investigation, the glass used 
wac low-i ron Lustraglass, a soda-l im glass manufactured by ASG Industries, Inc. 
The low-iron content of  the glass was desirable in  that  the Dresence of i ron 
increases l i gh t  absorption and imparts a green color to  glass that  af fects the resul ts 
of  opt ical  measuremertts. The Lustraglass used s t i l l  displayed a green t i n t  
when viewed on-edge, b u t t h e  cotof was much less pronounced than that which i s  
seen i n  ordinary glass, such as that used fw windous. A l l  glass was 2.5 nm i n  
thickness and was cut fran targe sheets of the same l o t  i n t o  4 inch square plates 
to permit ease of handling. 
3.2.2 WEPARATION OF GLASS 
Glass t yp i ca l l y  acquires substantial m n t s  o f  dust, g r i t ,  and o i l  an i t s  
surface, and develops a chemically a l tered "weathered" outer layer during 
packing, shipping, and stwage, This contamination has adverse ef fects on both 
the qual i ty  o f  the AR coating produced during etching and the s t a b i l i t y  af the 
etchant bath i t s e l f .  Therefore, cleaning o f  the glass i s  necessary t o  prepare tGr 
AR coating. 
Glass was prepared f o r  f i lming by a wash and etch sequence. Glass rsceive; 
frat1 the manufacturer was f i r s t  r insed b r i e f ! y  i n  water t o  remove dust and gross 
surface contamination. The glass was then submerged f o r  t h i r t y  rninutes !n a 
bo i l i ng  solut ion consist ing >f 12 m l  o f  Joy dishwashing deteigent per l i t e r  of 
deionized water. (Physical abrasion of the glass surface #a5 not employed.) 
Af ter  a b r i e f  r inse t o  remove detergent, the glass was etched for  1 min. i n  IO?  
5v v o l u w  concentrated hydrofluoric acid i n  water t o  remove the wearhered 
layer. The glass was then rinsed i n  deionized water, and wiped 3rv with ra;er 
towel.;. A t  t h i s  point, glass was ready f o r  inmediate insert ion i n t c  2 
p r e ~ a r e d  AR etch bath, 
3.2.3.  PREPARATION OF THE BATH 
As obtained from the supplier, f l u o s i l i c i c  acid was i n  the fcrm of  a 23% 
aqueous solution. To prepare the 1.25 molar solut ion required, 670 m l  o f  the 
camwcia l  acid was di luted to a V U : ~  ot 1.0 liter with deionized water. The 
solvt lon was raised to  i t s  o a r a t i n g  t-rature (typical l y  4s0c, but on occasion 
5 5 O ~  o r  6 5 O ~ )  and 30 g r a s  of MO - 300 nssr silica i n  the f m  of s i l i c i c  
acid was rdded per l i ter of etch. The resul t ing s I urry uas agitated con* i nmus 1 Y 
overnight a t  temperature, then t i l tetd through paper to remove und i sso I ved 
s i  I ica. The f i I tered sof u t f m  w s  then stored a t  room tearperature i n  
fmlyethyiene bott les u n t i l  use. Cooling of the sil ica-saturated etch t o  room 
temperature resulted in  no precipitation of silica.. Experfence gaineci i n  
operation of the e t c ' ~  solution suggested that  the so lub i l i t y  o f  s i l i c a  i n  the 
fiuosilicic ilcid solution was decreased a t  elevated temperatures. A t  the t ime  of 
use, the solution was returned t o  the tenperaturn a t  which it *as saturated. 
3.2.4 
-
USE Of THE BATH 
3.2.4.1 EQUIPMENT 
Although Thompsen states that  the etch solution m y  be stored and used 
i n  vesseis of Pyrex k r o s i t i c a t e  glass, early attempts a t  using %rex containers 
resulted i n  a roughening of the glass o r  the development of hazy gray patctleS or! 
surfaces of the glass which were i n  contact with the etch bath. While it could 
not be demonstrated that  t h i s  e f fec t  harmed the performance of the efch bath or 
ssriously damaged the vessel, it was f e l t  that  greater control over the 
bath ccmposifion could be realized by the use o f  vessels composed of more iner t  
mater i a l s . Theref ore pol yethy I ene conta i ners were used in our exper i v n t s .  
The f a c i l i t v  used fo r  f i lming glass consisted of a iarge hot @late equipped 
wi th a magnetic-mupled s t i r r e r  and a thermistor temperature probe. 3r! the 
hot plate was placed a stainless-steel basin f i l l e d  with water. The 
0 thermistor probe permitted control of  the water temperature t o  within 21 C. 
In to  the water basin was placed a 2 quart polyethylene container with a tightly 
fitting snap-on l id .  Rte etch solut ion was kept i n  the polyethylene container 
and continuously agitated by mans of a t e f l o n  coated nragnetic s t i r r i n g  
pel l e t  driven blf the hot plate. Plates cf glass to be Aft treated were loaded 
in to  a polypropylene photunask holder which held ten 10 cm ( 4  inch) square plates 
a t  a time, The holder and plates were lowered i n to  the  etch solution, the cover 
was placed on th6 vessel, and etching took place unattended. Af ter  etching, the 
holder and piates were withdraw?, placed into a box, and r insed i n  b r i sk l y  
flowing deiorllzed water f o r  ten aiinutes. Afterward, the plates were r insed i n  
isopropyl alcoqol and then dr ied by exposure t o  hot freon fdmes i n  a vapor 
degreasar. I n  t h i s  way, drying was wwmplished without uip1r.g or othervise 
abrading the surfaces of the treatad glass. 
3.2.4.2 ADJUSTMENT OF THE BATH 
The si l ica-saturated f l u o s i l i c i c  acid solut ion described in  section 
7 . 2 . 3  attacks glass very slowly, but produces no AR ef fect .  Further adjustment 
o f  solut ion camposition i s  necessary t o  obtai:! the desired ef fec t ;  speci f ical ly ,  
the solut ion must be made supersaturated wi th  s i l i c a .  The concept of suaer- 
saturation (and the degree of supersaturatlon) i s  nude more eas i ly  understood 
by Gefining t h e  term "potencyw. 
Potency, as described by Thompsen, re la tes t o  the vigor of the sal 3ti07*s 
attack cn the glass. A solut ion o f  1.25M aqueous f l u o s i l i c i c  acid saturated 
with s i l i c a  i s  assigned an a rb i t ra ry  potency value of zsro. The potency 
i ncreases as t h e  solut ion i s  made less than saturated. This can be acc@rfip 1 i shed, 
for instance, by the addftfon o f  hydrof lusr ic acid t o  the solut ion. One 
dn i t  increase i n  potency i s  defined as tha t  change i n  saturation caused by the  
addi t ion of one mi l l imole  o f  HF per liter of solution. I f ,  for convenience, 
34 ootassium f luor ide i n  aqueous solut ion i s  used i n  place o f  hF, the addi t ion 
of one m i l l i l i t e r  o f  KF solution to liter of fflrning solution uiII 
resul t  i n  two units' increau In potency. I n  order t o  produce a solution 
that f i lms glass, the potency must kr negative, that  is, supersaturation 
must be effected, A 4% by weight aqueous solution of boric acid i s  used. 
The addit ion of one m i l l i l i t e r  of  boric acld solution t-0 ane l i t e r  of f i lming 
solut ion causes a decrease o f  tro potency units. 
The potency o f  a solution that  successfully f i lms glass depends strongly 
on the chemical canpositfon of the glass and t yp ica l l y  varies fo r  d i f fe ren t  brands 
of glass and even for  d i f fe ren t  l o t s  o f  ths same glass. There i s  no ray of 
determining, by knowledge o f  giass amposit ion alone, the ptoper potency of tne 
solution t o  be used. For t h i s  reason, an empirical method of detennlning proper 
potency i s  used. 
In our experiments, approxima+ely 1.8 l i t e r s  of zero potency f i lming 
solution was brought t o  operating temperature i n  the polyethylene vessel 
described i n  section 3.2.4.1. Series o f  p las t ic  tes t  tubes were placed in to  the 
temperature controlled wate; vessel; the tubes were f i l l e d  with 5 m l  of  
f i lming solution from the vessel and t o  each tube was added enough of a very 
d i l u te  boric acid solution t o  produce a series of test-tube size samples 3+ 
f i l m i n g  solutions d i f f e r i ng  f r m  each other by one or two potency units. Into 
each tube was placed a s w l l  s l i ver  cut from a sheet o f  glass. Tbe tubes 
were then stoppered and allowed t o  stand fo r  30 t o  60 minutes. Examination of 
the glass s l ivers a f te r  etching ident i f ied the act ive potency (or range of 
;otencies), and the solution i n  the polyethylene container was then adjusted 
t o  the active potency value. Etching of 10 cm square glass samples was then 
under~aken. Successful f i lming was found t o  occur i n  solutions of from 
-18.3 t o  -20.5 potency. Specific deta i ls  about the effects of  potency on 
f i lming w i l l  be presented i n  section 3.3.5 -- Process Variations. 
3-2.4-3 MAtNTI%ANCE OF THf BATH 
The amt ra l  of bath oona~osition i s  essentlat t o  maintaining a working 
process. Although bath temperature i s  easi ly  maintained, control of bath 
petency presents problems. Since the etch produces AR f i lms only when super- 
saturated with s i l ica,  the problems are conrpounded by the fact  that supersaturated 
solutions are inherently unstable. They tend t o  spontaneously revert to saturated 
solutions by the precipi tat ion o f  solute. Ouring use, s i l i c a  was reJected from 
solution i n  every bath prepared fw use. Curiously, and in contrast t o  previous 
experience, the precipitated s i l i c a  d id  not appear i n  a dense f o r m  that  sank 
t o  the bottom of the solution, but rather occurred i n  the form of a f i ne  buoyant 
powder that  floated %n top of the liquid, and as a granular f o n  that appeared 
and grew on the sides o f  the vessel a t  the l i qu id  meniscus. The prec ip i ta t ion 
of s i l i c a  of course led t c  a decrease i n  the degree o f  supersaturation so that  
boric acid solution had t o  be added da i l y  (or even more often) i n  order to  
maintain an ef fect ive potency level. The mount o f  bor ic acid t o  be added was 
determined by the tes t  tube t r i a l s  described i t?  the previous section. 
Precipitat ion o f  s i l i con  dioxide front the bath was unexpectedly large, 
inasmuch as the or ig ina l  reference suggested f i l t r a t i o n  once a month. I t  
uas found necessary t o  f i l t e r  the bath a t  least once every two days; dai ly  
f i l t r a t i o n  was often necessary. The speed o f  potency d r i f t  was also found t o  
be greater than expected. A t  times, the bath had a useful l i f e  of  one or  two 
hours before addition of  boric acid was necessary t o  restore it. F i l t r a t i o n  
of the bath helped i n  reducing the speed of degeneration. By employing da i l y  
f i l t e r i ng ,  dai ly change t o  HF-cleaned etch vessels, and da i l y  replenishment of 
evaporated solution, as well as use of an a i r - t igh t  ,-over, low rates of 
degeneration were found, amounting t o  a need for approximately 2 m i  o f  4% 
H3M3 t o  be added per l i ter  of f i lming sol u t  ion per day. Even so, f rquen t  
test tube trials were necessary to detemlne w h e n  fine adjustments of super- 
saturation were needed. 
3.3 INVESTIGATIONS AND RESULTS 
Senples of filmed glass used in the tests described in this sectim were all 
produced, unless otherwise noted, at 4s0c. The duration of etch was variable, 
being extended ar shortened by trial and wrar tecnniques so as to produce films 
of a uniform purple appearance when viewed with reflected light by the t-sided eye. 
Potency values also varied slightly, but were always close to -18.5. The inient 
was to produce, by expedient means, a large supply of filmed gfass samples for 
testing. Out of the over 300 samples produced, those with the best anti- 
reflection characteristics, as determined by unaided human observation, were chosen 
for testing. 
3.3.1 BATH CONTROL 
Earlier work ( 6 )  on this method of producing antireflective films 
indicated that control of the bath composition was central to the establishment of 
3 practical process yielding reproducible results. This indication was once 
again borne out by the experience gained from work on this proj~ct. 
The time required for etching an antireflective layer to a particular 
thickness is a function of both etch temperature and potency, with potency being 
by far the more difficult condition to control. Control of thickness is irnpor+ant 
in that it allows the manufacturer to wtunew the film to permit maximum 
transmission of a certain range of wavelengths. Thus the transmission of the cover 
glass can be adjusted to take advantage of, for example, the solar spectrum peak 
or the wavelengths to which the enclosed photovoltaic cells are most sensitive. In 
addition, the potency o f  the solut ion also determines the re f rac t i ve  index o f  
the f i l m  and hence i t s  opt ica l  effectiveness. Aside f m  these considerations of 
the qua l i t y  o f  an AR f i lm, the fac t  must be recognized tha t  a t  most potency values 
the etch simply doesn't work. 
Thornpsen gives no information about determining the proper potency f o r  
use wi th glass o f  a known chemical ccrmposition by a purely analyt ical  
technique. Silnilarly, determination o f  the amount of bor ic acid addi t ion needed 
t o  restore an etch t o  working potency by analyt ical  technique alone is, a t  present, 
not possible. In both cases, recourse t o  t e s t  tube t r i a l s  i s  necessary. 
I f  the etch process were to  be used on a large scale i n  industry, some 
more convenient method of  potency tes t ing  would have t o  be found. Since only 
one glass cmposi t ion was used fo r  t h i s  project, correlat ion o f  glass chemistry 
variat ions wi th successful potency values could not be attempted. Sone e f f o r t  
was exerted i n  t r y i ng  to  f ind  a convenient method of monitoring and con t ro l l i ng  
pdtency d r i  f t  however. Thmpsen, i n  a separate a r t i c l e  (71, describes methods 
of f l u o i i l i c i z  acid analysis by t i t r a t i o n  and other methods. The t i t r a t i o n  method 
of analyzing s i l i c a  content of the Ak etch was t r ied,  without success. In 
addit ion to being as time-consuming and as much trouble t o  perform as t es t  tube 
t r i a l s ,  the analyt ical  technique was not sensit ive enough t o  detect potency 
d r i f t  with any acceptable degree of accuracy. Other K .~%~ .JS  of analysis, 
including determination o f  density, viscosity, surface tension, pH, spectral 
absorption, and f luor ide ion concentration by speci f ic  ioc electrode techniques, 
also fa i led t o  y ie ld  useful information. A pract ical  method of analysis has yet 
t o  be found. 
3.3.2 PHYS l CAI. A8RAS I ON 
Because the ant1 re f l ec t i ve  coating produced by the acid etch technique 
i s  cornposed o f  microprous s i l ica ,  it was reasonable t o  suspect t ha t  the 
coating would be more susceptible t o  damage from physical abrasion than untreated 
glass. The durabi l i t y  o f  the c m t i n g  i s  important because the production o f  the AR 
f i l m  en ta i l s  an addi i ional  expense i n  the manufacture of a solar  module, and the 
f i l m  must remain on the module long enough t o  pay back i t s  cost by enhancing power 
output. Unfortunately, the forces o f  nature conspire against anything tha t  i s  
intended t o  be durable. Rain, hai l ,  blowing dust, and freezing moisture are 
among the abrasive forces t o  which solar modules are exposed. 
During production o f  samples f o r  test ing, it was found tha t  very heavy 
pressure exerted on the f i l m  by a f ingerna i l  was su f f i c i en t  t o  damage the f i lm. 
Attempts t o  employ the eraser rub t e s t  specif ied i n  M i l i t a r y  Specif icat ion 
M1L-C-675A fo r  tes t ing  o f  AR coatings on opt ica l  elements were unsuccessful, 
owing t o  the fac t  tha t  only one stroke o f  the specif ied rubber-pumice eraser 
removed a l l  f i l m .  Even t r y i n g  a s o f t  and non-abrasive v iny l  d ra f t ing  eraser produced 
f i l m  renoval, apparently because o f  the adhesive nature o f  the rubber o r  v iny l  
ingredients. However, the samples d id  withstand a tape test ,  i n  which cellophane 
adhesive tape pressed t i g h t l y  t o  the fi lmed surface was withdrawn, both slowly 
and quickly. Given these con f l i c t i ng  results, a d i f fe ren t  abrasion tes t  was 
arranged t o  provide quant i tat ive data on f i l m  strength. 
TVO samp l es of f i lmed glass having a transmission of  99.8% a t  460 urn were 
chosen as the primary objects o f  the test .  It was f e l t  tha t  abrasion resistance 
may have been dependent on f i l m  porosity, which controls an t i r e f l ec t i ve  performance. 
In order t o  t e s t  t h i s  assumption, f i v e  samples each of  two less op t i ca l l y  e f f i c i e n t  
ant i  r e f l ec t  ive-f i lrned samples were a I so tested. A I  l samples were f i lmed a t  45"~. 
Abrasion was performed i n  iwo ways: without abrasive by a cotton pad, and 
wi th the sane cotton pad loaded with abrasive powder. The pad was composed of 
2 4 layers of ,023 cm (0.009 inch) t h i ck  cotton duck, wi th  a c i r cu la r  area o f  13.9 ern . 
2 The pad was loaded wi th weights t o  y ie ld  a pressure o f  138 g/cm . Af ter  conduct i fig 
abrasion tests with the pad on samples of f i lmed glass, the pad was stamped i n  
Buehter No. 40-6475 AB, 3200 mesh abrasive, then tapped t o  remove adhering clumgs 
of  abrasive so tha t  only the abrasive t h a t  had been worked in to  the c l o th  was 
available. The abrasive on the pad was renewed f o r  each o f  the f i v e  camples 
tested. The test ing was performed by moving the pad latera l l y across the f i l med 
glass surface i n  5 cm ( 2  inch) strokes, wi th visual inspection o f  the glass a f t e r  ever\ 
few strokes. A sample was tested wi th the p la i n  cotton pad and wi th the pad and 
abrasive i n  f i v e  places. The resu l ts  are summarized below. 
STROKES REQUIRED TO DAMAGE FILMED SAMPLES 
TEST F l  LMS 
INCREASING 
TRANSMISS I C f l  
I F i l m  Removed 1 >500 1 200 15C I 
AClD ETCHED # 1  
80 
200 
20 
200 
ABRAS l VE 
CLOTH ONLY 
CLOTH PLUS 
ABRAS l VE 
AClD ETCHED #2 AC lD  ETCHED #3 1 99.8% TWNIIIIPSION 1 
30 1 20 
1 ! i 
I 
1 
I I 
I 100 50 I 
I 
I 
1 1 I 
EFFECT 
F i r s t  sign o f  
damage 
Moderate damage 
F i r s t  ;iyn o f  
damage 
Moderate damage 40 
I 
20 
I 
As shown by the results, increasing an t l r e f l ec t i ve  effectiveness does 
adversely a f f ec t  abrasion resistance. It may be pointed out  t ha t  i n  no case 
was f i In1 removal possible without an abrasfve powder; only moderate damage 
could be rrth i eved. Moderate damage was def l ned as unml stakab I e damage cover i ng 
the en t i r e  stroked area but no? resu l t i ng  i n  complete rernoval o f  f i l m  from any 
area. With the abrasive powder, damage o f  a l  l types was l n f  l ic ted easi l y on 
the two most an t i r e f l ec t i ve  samples. The least an t l r e f l ec t i ve  sample was the 
most rugged; the ">30OW strokes requ i red f o r  f i l m  remova l caused 95% o f  the f i l m 
t o  be removed from the stroked area, since complete removal appeared impossible. 
With the other fi lms, removal was complete. Although these I-esults appear 
discouraging, it may be pointed out t ha t  thc powdered abrasive t e s t  was unusuallv 
severe. Even samples of  lacauered m t a  l surfaces sustained what wou I d  be 
c l  assi f ied as moderate damage a f t e r  30 strokes. 
3.3.3 CHEMICAL RESISTANCE 
3.3.3.1 FUME EXPOSURL 
Inasmuch as AR fi lmed module covers w i l l  be exposed t o  atmospheric po l lu tants  
during t h e i r  l ives, exposure t o  acid and other fumes was performed i n  
order t o  assess the damage, i f  any, caused by gaseous atmospheric contaminants. 
The fo l lowing fumes were qenerated i n  a i r t i g h t  containers, and samples of 
f i lmed glass were enclosed i n  the containers f o r  one week a t  room temperature. 
Samples were rinsed and dr ied a f t e r  exposure, then evaluated. 
FUME 
- EFFECT ON FILM 
Ammonia, dry none 
Carbon dioxide, dry none 
Hydrogen chloride, wet none 
N i t r i c  acid vapor, wet 
Nitrogen, dry (control) 
Nitrogen dioxide, dry 
Sulfur dioxide, dry 
none 
none 
s l i ght brown stain; washed 
out  wi th water. 
norte 
3.3.3.2 CLEANING AGENTS 
The e f fec ts  o f  cleaning agents l i k e l y  t o  be used on solar module covers 
were evaluated. Continuous exposures o f  7 days and 30 days were conducted a t  room 
tmperaturs, without ag i ta t ion o f  the cleansers o r  wiping o f  the glasz. A f te r  
exposure, the simples were rinsed i n  deionized water end a i r  dried before evaluation. 
Unless otherwise stated, a l l  cleansers were i n  undiluted form. 
CLEAN!NG AGENT 7 DAY EXPOSURE 30 DAY EXPOSURE. 
Deionized water no e f f ec t  no e f f e c t  
Tap water no e f f ec t  no ef  feet  
Joy Detergent no e f f ec t  no e f f e c t  
(0.5 volwne 5 i n  tap water) 
Isopropyl alcohol no e f f ec t  no e f f ec t  
Parson's c lear a m n i a  no e f f ec t  scrne removal o f  f i l m  
W i ndex s l i g h t  change i n  removal of f ' l m  
colol- o f  f i l m  
Fantastic Spray Cleaner removal of f i l m  removal o f  f i l m  
Despite the fac t  tha t  the AR f i l m  i s  composed o f  h ighly ine r t  s i l i c a ,  It s t i l l  
suffered attack from the high pH cleansers. Ir fact, Fantastic was the most 
vlgorous i n  I t s  attack. A l tbugh  a quick d ip  and r inso with t h i s  cleaner caused 

M) discernable damage, an exposure of only ten minutes' duration removed the 
f i l m  from samples. Although the product label cautions against usp on glass, 
Fantastic i s  a good grease renrover, and it was f e l t  tha t  products t f ke it 
might be used occasionally. In  addition, even Windex and household amnonia had 
damaging effects, and these were designed speci f ical ly fo r  glass. 
3.3.3.3 WATER BLAST 
In order t o  simulate the exposure to heavy ra in  o r  an occasional cleaning 
with 3 spray from a garden hose tha t  filmed module covers might face, 2 water 
blast uss performed. In t h i s  test, a stream o f  rap id ly  mving tap water was 
directed downward a t  a filmed glass sample, s t r i k i ng  ttte sanple perpendicular 
t o  i t s  surface. The water stream had a c i rcu lar  cross section with a diameter 
of  13 millinreters and a veloci ty o f  approximately 300 d s e c .  The water b last  
was sustained continuously fu r  71 hours. The water. blast e m u r e  caused 3 
s l igh t  decrease i n  transmission i n  the short wavelsngths of t3e v i s ib le  spectruc. 
(Figure 2). 
3.3.4 STAIN AN0 SOIL RESISTANCE 
Being mounted out-of-doors, solar modules are exposed t o  an array of  stains 
and soi ls,  parkicularly those o f  biological or ig in.  Actual two week outdoor 
exposure cf samples under conditions prevail ing i n  Phoenix, Arizona produced no 
detectable changa i n  f i l m  properties other than the acquisitioa of a f i ne  layer 
of dust which was quickly rinsed away with &ate,-. Optical eff iciency was not 
affected. Since the exposure resulted i n  no biological stain'ng, it was 
decided t o  simulate staining and so i l ing  i n  the laboratory ana then attempt 
remova I. 
3.3.4.1 STAINS 
Several stains were prepared by dissolving various dyes and pigments i n  
solvents to  form saturated salvtions (except i n  the case of India ink, which was 
used as received). The solutions were applied to separate areas of of the 
sane glass samples and baked a t  60O~ for two hours t o  dry and set the stair+s, 
+hen removal of stains was attempted by a sequence of successively mre drast ic  
cleaning steps i n  the following order: 
1. r ins ing fo r  ten minutes in  water 
2. gentle wiping w i t h  a sof t  paper towel i n  water 
3. soaking fo r  ten minutes i n  0.5% Joy solution, wiping w i t h  a paper 
towel, and r ins ing 
4, w i p i ~ g  w i t h  rubbing alcohol and rinsing. 
The nature of the stains, and the least drast ic cieaning step required to rem:'~ 
each s ta i n ,  are l i s t ed  below. 
STA i td CLEANING REQUIREO 
Aniline Blue in water Rinsed of f  with water 
B r i l l i a n t  Green in  acetone A l l  but traces rinsed o f f  w i f t - .  rater 
Removal of last  traces required a!cohci 
wipe. 
Rinsed o f f  with water 
A l l  but t races rinsed o f f  
Last traces r m v e d  by wiping with 
water 
Wiped of f  with water 
Rinsed o f f  with water 
Wiped o f f  w i t h  alcohol 
Cresol Sed i n  isopropyl alcohol 
Crystal Violet i n  acetone 
india I ~ K  
Sodium Fluorescein i n  water 
Sudan l k  in  dcetone 
It i s  s igni f icant that untreated glass required identical cleaning 
methods i n  every case. Insofar as resistance to staining i s  concerned, AR 
filmed glass i s  equivalent to unfilnmd glass. 
3.3.4.2 SOILS 
In order t o  test  the f i lm's a b i l i t y  t o  release st icky soils, the following 
substances were deposited on separate areas of the same -le plates: 
1. corn syrup 
2. egg 
3. evaporated m i  l k 
4. m c i  lage 
5. peanut butter 
6. brown paste shce polish 
These substances were chosen as being repreasentative of greasy, proteinaceous, 
and highly adherent components present i n  biolsgical so i l ing agents. The 
0 
sample plates were then baked a t  60 C for two hours, dryin9 311 of *he sci:ing 
substances except the peanut butter in to hard, adherent plaques. 
T$a plates were imnersed i n  a 8.55 by volume solution 2t iov dishw3shins 
detergent and gently wiped with a soft gaper towel. A l l  substances ?weep+ 
:he s b  polish were removed. !?emoval of s b e  palish was effected anly by 
use of an crganic solvant such as methylene chloride. Identical results 
were obtained with un f i lmd  glass plates, so sa i l  resistance of acid etch 
AR filmed glass i s  the same as that ~f un t i lmd  glass. 
3.3.4.3 SOOT 
Because soot i s  a ccmm atmsyheric pollutant, and because of its ofwue 
nature, rnaduie covers m s t  be able to shed soot easily. This Is a partleufar 
concern with acid etched f i l m  because their microporous nature suggests that 
they may trap and hold tiny soat particles. 
Soot was deposited on f i lmed glass samples and on bare glass sampios blt 
exposing the samples to a turpentine flame, It w s  found, without exception, t92t 
rinsing with vigoratsly flowing water removed soot completely f run the filmed 
glass samples, The same treatment invariably left m i n o r  traces of so@* an the 
bare glass sarrp les. 
3-3.4.4 F INGtRPRfEZTS 
F i c n ~ r p r i n t s  severtv affect acid etched AR coatings because the nicrc?scapic 
pores absorb and nold the moisture, oils, and salts present, thus raising the 
refraciive index of the f i l m  and taueri~g i t s  antireflective effectiverress, 
Freshly applied fingerprin's posed no serious problems, since these could 
be r-ved w i t h  a det2rgent-water solution and gentle wiping. When fingerprints 
wtlre allowed +o remain on the film for  24 b u r s  or longer, recnrval Wwne 
imp@ssible with detergent solutions; only the use of rubbing alcohol or acetone 
followed by a water r inse was effect ive.  
3 . 3 . 5  
- 
PIIXECS V A 9 l A f l O N S  AND OPTICAL EFFECTIVENESS 
3.3.5.1 i"iiE?#:Y EFFECTS 
As described earl ier,  only solutions with certain p o t e ~ y  val~es w i l l  f i  IF 
glass. A t  3 5 O ~ ,  f i lming  cccurred i n  solutions havinc a range of potencies 
from -18.3 to -19.5. Within this r a w ,  the AR effectiveness of films 
produced was fairly equal. Minor variations outside of this range severely 
effected filming. For example, at -38.0 no f i lming occurred. A t  -20, fitming 
occurred only on a few sheets of glass out of  a batch of ten sheets etched 
a t  the saae time i n  the s a m  etch solution, Those sheets * a t  d id  etch had 
f i lws of very pow AR affe~tiveness; the presence o f  f i l m  *as d i f f i c u l t  to 
detect a t  ail. Figure 3 shovs a plot  of  spectral transmissions o f  fi lms etched 
a t  potencies of -18.3, -18.5, -19, and -19.4. The plots also shsw the hfgh 
transmissions o f  the filmed samples compared t o  the transmissicw, of an 
unf i  lned sample. 
An interesting (and as ye3 unreported) effect was noted during production 
of t W  acid etched films -- solution potency profoundly effects f i lming time 
even when temperature i s  hele mnstant. Reference t o  Figure 3 shows that the 
transmission characteristics are fair11 s im i l a r ,  yet the times required to  
produce t h e  f i l m s  varied as f o l l w s :  
SOLUTION POTEWY ETCH T I ME 
-18.3 97 minutes 
-18.5 120 minutes 
-19.C 133 minutes 
-19.5 136 minutes 
Such variation i n  required etch times i n  a solution of i n t r ins ic  potency 
i ns tab i l i t y  wouid cause process ccm+rol problems i n  production. 
3.3.5.2 TEMPERATILRE EFFECTS 
As expected, increased temperature of the etching bath s ign i f icant ly  reduced 
etching t i m e  required t o  produce f i l m  of a given transmissiorl. Figure 4 shows 
0 0 0 the ttansnlssions of films produced at  45 C. 55 C, and 65 C, a l o n ~  w i t h  the 
etch times used. 
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Aside from the reduction o f  etch duration permitted by higher 
telnperatures, other ef fects  were noted. Preparation of saturated si l iea-f luo- 
s I l i c i c acid m i  xtures took longer s t  55O~ and 65Oc than a t  45O~. A t  65O~. 
fo r  example, 48 t o  72 hours o f  continuous agi tat ion was necessary t o  ensure 
saturation o f  the solution. ctmpand with the 16 hours required a t  45Oc. 
As temperature was increased, a s l i gh t  s h i f t  i n  successful potency 
values was noted. While potencies o f  -18.3 t o  -19.5 produced film a t  45O~, 
potencies of  -19 t o  -19.5 were successful a t  55O~. and potencies o f  -19.5 t o  
-20.5 were necessary t o  f i IRI a t  65O~. No exp I anat ion has been acivanced fo r  
t h i s  ef fect  other than that, even with the prolonged mixing times allowed f o r  
the s i l  ica-f luosi l i c i c  acid mixtures a t  55 and 65O~. ampleti, saturation o f  
the f l u o s i l i c i c  acid solution may not have occurred. I f  t h i s  were the case, 
a lower apparent potency would have t o  be used i n  order t c  compensate for  the 
s l i gh t l y  unsaturated nature o f  the s tar t ing f l u o s i l i c i c  acid solution. 
A t h i r d  additional temperature ef fect  was discovered -- filmed samples 
prepared a t  elevated temperatures had less consistent f i l m  thickness tnan those 
prepared a t  lower temperatures. The inconsistency was noted as variat ions 
i n  the color of the f i l m  as viewed by reflected l ight.  This e f fec t  may be dtle 
t o  the fact that the very short processing t i r e s  used a t  high temperatures simply 
do not allow the average etch rates on d i f ferent  areas of the glass surface t a  
approach each other. Any inconsistencies i n  the glass surface that  delay the 
onset o r  slow the rate of etching i n  certain areas are magnified by the fact  that 
the t i m e  spent etching slowly o r  not a t  a l l  m y  be a signi f icant f r a c t i o ~  of the etch 
cycle. The slow areas, i n  effect, never have a chance t o  catch up. 
3.3.5-3 TIWE EFFECTS 
The e f fec t  o f  variat ions i n  etch time Is t o  s h i f t  the wavelength of l i g h t  
that  i s  least reflected by vsrytng the thickness of the fi lm. Etching glass 
safnples fo r  successively longer periods of time resul ts i n  sarples whose 
peak transmissions are a t  successively longer wavelengths. Figure 5 i l l us t ra tes  
t h i s  by showing transmission data fo r  two f i lms produced under conditions that  wertz 
identical except f o r  etch time. 
3.3.5.4 POTENTIAL OF THE PROCESS 
The potential fo r  production of high opt ical  qual i ty  AR f i lms exists 
with the xi.: i k h  process. Figure 6 i s  a p lo t  o f  the trmsmission of the best  
f i lr?! obtained, d m n s t r a t i n g  a 99-82 peak transmission. The AM2 solar 
spectrum i s  also plotted, t o  3n arb i t rary  scale, shoving that  the peak 
transmission i s  near t o  the solar spectrum peak. A p lo t  of  unfilmed glass 
transmission i s  also included for  comparison. 
It i s  s ign i f icant  t o  note that, outstanding as t h i s  performance is, only 
twenty filmed samples out of the over three hundred produced half t h i s  high 
optical eff iciency. In fact, glass placed i n  the etch imnediately af ter  
the production of the sample plotted fa i led t o  f i l m  a t  a l l .  The routine, 
comnercial production of f i lms of t h i s  demonstrated high eff ic iency woulu' have 
t o  await the development of  an extremely sensitive bath monitoring method that 
does not as yet exist. 
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4.Q CONCLUSlONS 
1 ) The supersaturated s i  I ica-f l uosi I lc i c  sc id  etch method f o r  
producing AR coatings on soda-lime glass i s  capable o f  producing 
coatings o f  excel lent  opt ica l  ef f ic iency,  a t ta in ing  99.8% transmission i n  
parts o f  the v i s i b l e  spectrum. 
2) The process i s  such tha t  it i s  c;apablc o f  producing AR coatings 
i n  as I i t t l e  as 18 minutes (65O~), and can be varied so as t o  
s h i f t  the peek transmission wavelength o f  the f i l m  t o  any desired 
port ion of the spectrum. 
31 Stain and s o i l  release propert ies are as good as those of  uncoated 
ylass. Soot release i s  uniformly bet ter  than p la in  glass. Only the 
removal o f  f ingerpr ints presents d i f f i c u l t y ,  requir ing the use of  orsanic 
solvents t o  permit removal. 
4 )  Chemical resistance t o  gaseous a i r  pol lutants i s  excellent. The 
f i lms are s~sceptable t o  attack by comnercial glass cleansers, which 
may not he necessary s i  nce it i s  demonstrated tha t  most sol i d  remva I 
can be accomplished wi th a mi ld dish detergent solution. 
5) The f i l m  has low abrasion resistance. From the t e s t  resu l ts  and by actuai 
experimentation, it was found tha t  cleaning a filmed surface wi th a 
scrub brush and water w i l l  severely damage the f i lm. Hail  f a l l i n g  
on the surface would be expected t o  cause damage. The use of  a high 
pt-essure water spray, as from a garden hose, t o  clean the f i l m  also 
causes a reduction of AR performance. From the demonstrated physical 
weakqess of  the f i lms we conclude t ha t  they would not maintain t he i r  
excel lent AR propcrtfes long enough f o r  pract ica l  use on the external 
parts o f  solar modules. Their use on the inner, protected surfaces 
of  concentrator and thermal panels may be advantageous, however. 
6 )  The control o f  the f i lming solut ion's physical conpositton I s  
d i f f i c u l t  t o  perform I n  a way tha t  permits large-scale production. 
The deveiopment o f  new methods o f  m p o s l t i o n  analysis and control,  
o r  the refinement o f  present methods, could change th is .  
7)  Producing AR f i lms by acid etching would now be p roh ib i t i ve ly  expensive 
because o f  the costs imposed by the reagents and by the expense required 
t o  support the analysis and control methods now i n  use. The ton 
physical strength o f  the f i l m  indicates that, when used on external 
surfaces, it w i l l ,  i n  a l l  probabi l i ty ,  not survive exposure t o  the 
environment long enough t o  compensate f o r  the cost o f  i t s  production. 
8)  Inasmuch as the f i lm ing  process depends on the unique chemical 
composition and physical structure o f  soda-lime glass, the process 
as developed cannot be used on p las t i cs  o r  on borosi l icate o r  aluminum 
s i l i c a t e  glasses. 
5.0 F Z E ~ T t O N S  
I t  The combination of tow physical strength and d i f f i c u l t  production 
control mke current videscale use of acid etched MC films on soda 
lime glass impractical with today's technology and not recmnended 
for large scale production of solar module cwer glass. 
2: Further resebrch i s  needed t o  determine i f  acid etched f i t %  w i l l  be 
of benefit when used on the inner surfaces of concentrator or thermal 
co I lectors. 
3 Advanced methods of analysis and m t r o l  of etch solution should be 
investigated. ebssibly the use of W-VIS-I!? spectral absorption 
analysis and modification of standard spectral analysis techniques 
may e l i  lead to  a practical control scheme. 
6.0 MU TECH#OLOGV 
fhis project had as i t s  purpose the investigation of an existing 
(albeit unused) cnethod of producing AR films an glass. The tasks associated 
with the project intended to  research the characteristics and potential of 
the process and as such were of an I~~vest iga t iona l  rather than irimvative 
nature. For this reason no new technology ewl -4  on the contract. 
7.0 COMPARI SW OF ~4ETHOOS 
In s companion project (JPl  Contract Number 3553391, the ptoCtlction and 
testing of antireflective films by meens of a silicate process uas studied. In 
this section, swrnurized results will be used to compare the advantages and 
disadvantages of the methods. 
7.1 FRIWCTION OF SILICATE Afl FILMS 
W i u n  silicate is an inexpensive subsiance used as an adhesive, f l m  
retardant, preservative, and f i l ler  in a number of i.roustries. It i s  PI-duced 
frm abundant raw materials, so that a continuing =upply i s  assured. 
Sodium silicate dissolves in water to form soiutions which exhi2it ride 
variations of viscosity as a function of ~mng)osition, Standard end easifv 
p e r f o m d  analyses permit determination of silicate canpsition. 
When a clean plate of glass of any type (or a sheet of certain plastics) 
i s  imnersed i n  a dilute solution af sodium silicate and then slowly withdrawr, 
verticailv at constant speed, the silicate solution adheres to the sarface 2f +?e 
plate and forms a liquid layer of unif~rm thickness. tipon brief exposurz 
to a i r ,  the !ayer dries to a film of solid sodium silicate. Subcequect exposure 
to sulfuric acid converts the film to sodium suifats and silicon dinxi:?, I 3  e?i?t?er 
.3nhydrous or tow-hydrated form. The siiica-sulfate layer is qui:o insoluble .>nd 
the p l a t e  and film can then be rinsed with uater and dried. By proper choice 
,t 5;,3ium siiizate solution concentration and the speed at which tire plate is 
dithdrawn, t h e  thicknzss ~f the final silica-sulfate flin can be controlled to ' k s  
extent that i t  cac be made th in  enough to function as ac antrreflective film. 
Even thou@ technically a misnomer, films of this type wit1 be referred +o as 
silicate filns. 
7.2 CX)PIIRISONS 
Belor are presented, In outline forrrr, -tisons of chemical, physical, 
and soil resistance, uar well as notes on prcrcess m t r o l .  
7.2.1 OPTICAL PERFCRWCE 
Figure 7 illustrates the l ight transmissiun characteristics of a silicate 
film in cornparisor, with the best obtained acid etched fifrn and untreated stass. 
A plot of the AM2 solar spectrum i s  drawn to arbitrarv scale to pennit c@q2arison ct 
transmissicn peaks with peaks i n  the solar spectrum. Silicate films 
characteristically display 8 poorer antireflective effect than acid e t c M  
films. The superiority of si l icate films l ies i n  their ease of producticwt and 
physical strength. 
7-2.2 PROCESSING COMPARISON 
Acid Etching 
1. Process i s  difficult to control 
2. Processing equipwent i s  relatively inexpensive and si~ple 
i. Prccess requires relativeiy expensive reagents anC rrapararioc. 
S i  l icate 
1. Process i s  easily controlled 
2. Prxess iw j  equipmnt is more expensive than that rquirec: 'cr 
acid etching, but i s  available. 
3 .  Production i s  lessexpensive than for acid etc9iq;. 

7.2-3 STA l N RES I STMICE 
The s ta in resistance of s i l icate films I s  i d e n t i u l  t o  tha t  of acid etched 
f i ims and to  untreated glass. 
. Saturated dye solutions apptied to glass 
. B a k e d a t 6 0 ~ ~ f w 2 h o u t - s  
. Removal atteupted by: 
water rinse 
water soak and l i g h t  wiping 
alcotml soak and wiping 
. Results were the same f o r  both types of t i l m  and +or glass 
ST4 l N 
Br i l i i ant Green 
Crystal Vio le t  
Cresol Red 
Anil ine Blue 
Sadium Fluorescein 
India Ink 
Sudan IV 
RESULT 
Rinsed o f f  with water 
Rinsed o f t  with water 
Rinsed off  w i t h  water 
Rinsed off with water 
Rinsed off  with water 
Wiped o f f  with water 
Wiped o f f  w i t h  alcoho! 
7.2.4 
-
SO l L RES I STAWE 
. Resgtts were the sam for both types of f i l m  and for glass 
. So i f s were 2pp i ied and baked a t  6 0 0 ~  for 2 hours, 
Sol L 
-
Wanut &I*er 
Corn Syrup 
b c  i1 age 
Egg 
Evaporated M i l k  
RESULT 
A l l  removed by detergent w i p e  
Shoe folish m v e d  by methylene chlor ide 
F i ngerpr i nts were less noticeable on, and more eas i l y 
removed frm, s i l i c a t e  fi lmed glass. 
7.2.5 CHEMICAL RESISTANCE 
The resi;tance of s i l i c a t e  f i lms  t o  chemical at tack i s  essent ia l ly  the 
same. b t r l  tygcs of f i l m  are attacked by high pH glass cleaners, and both 
suffered some I ~ s s  o f  transmission i n  the short wavelength area of the v i s i b l e  
spectrum a f t e r  Seing exposed t o  a prolonged water blast. 
7.2.6 ABRAS I LF! RES l STANCE 
Figure 8 shows the resu l ts  of abrasion tes t ing  or, s i l i c a t e  fi lms, as 
well as on the acid etched f i lms reviewed i n  t h i s  report. SI: icate f i lms  
are c lear ly  superior i n  abrasion resistance. 
Process Control 
Optical k f f ic iency 
ACID ETCH WDCESS SILICATE PROCESS 
Very Poor Very Cood 
Good - Excel lent  Fa i r  
Sta f n Res i stance 
Soi l Resistance 
Chemical Resistance 
Abrasion Res i stance 
Exce I lent 
Excel lent 
Fair 
Very Poor 
Exce I l en t 
Excel tent 
Fair 
Good 
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